Abstract-A method, called WiRAR, is developed to measure the wind vector using a marine X-band radar as sensor. WiRAR extracts local wind directions from wind induced streaks, which are visible in radar images at scales above 50 m. It is shown that the streaks are very well aligned with the mean surface wind directions. Wind speeds are derived with WiRAR from the normalized radar cross section (NRCS), by parametrization of its dependency on the wind vector, which was performed by training of a Neural Network. The dependency of the NRCS on sea state and atmospheric parameters, such as air-sea temperatures and humidity, were studied with respect to further improvement of WiRAR. Therefore, sea state parameters are extracted from radar-image sequences by derivation of the Signal-to-Noise Ratio (SNR) and wave phase speed at the spectral peak c p. The SNR is directly related to the significant wave height HS. Recently, the research platform FINO-I has been set-up in the German Bight. This platform provides various environmental data, such as wind measurements at different heights of up to 100 m for studying the atmospheric boundary layer, as well as air-sea temperatures, humidity, and other meteorological and oceanographical parameters. WiRAR is applied to radar-image sequences acquired by a marine X-band radar aboard FINO-I. The derived wind vectors are compared to wind measurements at the platform. The comparison of wind directions resulted in a correlation coefficient of 0.99 with a standard deviation of 12.8
I. INTRODUCTION
WiRAR, a radar based remote sensing technique is described that enables wind measurements at the ocean surface from towers and ships [1] , [2] . WiRAR provides a geophysical model function (GMF) that parameterizes the dependence of the radar backscatter from the ocean surface on the wind vector. A marine radar operating at X-band is used that has the capability of measuring the backscatter from the ocean surface in space and time under most weather conditions, independent of light conditions. Biases of wind measurements, due to tilt and height variation, as well as due to the sensor motion, do not exist. Also, the blockage, as well as the turbulence effects due to the sensor platform, are strongly reduced and, in case of tower based measurements, are considered in the algorithm.
The radar backscatter from the ocean surface is mainly caused by the small scale roughness of the sea surface, which is mostly generated by the local surface wind [3] . It has been shown that the NRCS is strongly dependent on wind speed [3] , [4] and wind direction [5] , which enables retrieval of the wind vector from radar images of the ocean surface [1] , [2] .
Today marine radar-image sequences can be broadly analyzed: to determine wind and wave fields [6] , wave groups [7] , current fields and bathymetry in inhomogeneous areas like coastal zones or areas with current gradients [8] . It is also possible to study the motion of wind gusts [9] . Further radar images are measuring two-dimensional wave-spectra and significant wave heights [10] , and the mean near surface current [11] , both on a operational basis.
WiRAR uses radar-image sequences to extract the wind direction from imaged wind-induced streaks, which are approximately in line with the mean wind direction. Compared to the possibility of using the dependency of the NRCS on the antenna-look direction to retrieve the wind direction, it is not necessary here to have the whole azimuth imaged by the radar, which is in practise normally not the case due to buildings or towers in antenna-look direction. Further the wind direction can be estimated locally. The wind speed is derived from the NRCS using a Neural Network (NN) to parameterize the relationship between the ocean surface wind speed and the NRCS. This method has also been successfully applied for satellite based wind retrieval, e.g., from space borne synthetic aperture radar (SAR) images [12] and recent wind field determination around hurricane eyes [13] .
In addition to NRCS and wind direction WiRAR considers for wind speed retrieval the dependency of sea-surface friction on the sea state and atmospheric conditions. The sea state is described by the SNR and c p . Both parameters are extracted from the radar-image sequences. Considering all information available from radar-image sequences makes a marine radar system an accurate stand-alone wind sensor. The atmospheric conditions are characterized by the air-sea temperature difference and the air humidity. By considering them further improves the accuracy of the radar-wind measurements.
The investigated radar-image sequences were recorded by the Wave Monitoring System (WaMoS II), which has been developed at GKSS Research Center. For verification of WiRAR the wind vectors from nearly 4800 radar-image sequences from the FINO-I platform are compared with in-situ data from wind sensors.
II. INVESTIGATED DATA
A marine radar operates at 9.5 GHz (X-band) with horizontal (HH) polarization in transmit and receive near grazing incidence. It covers an area within a radius of ≈ 2000 m with a • N 6.6
• E in a water depth of ≈ 30 m. The radar antenna is installed at a height of 20 m above mean sea level. Each image sequence consists of 32 images representing ≈ 80 s. Meteorological parameters are measured by means of the corresponding sensors, which are mounted at various heights on the measurement mast and at the framework of the platform. The important parameters for our investigations are: wind speed, wind direction, air and sea temperature, as well as air humidity. The objective of the FINO project is to improve the available knowledge on the meteorological and hydrological conditions at sea, and to ascertain the concrete effects of offshore wind turbines on the marine flora and fauna.
For validation the retrieved wind vectors were compared to in-situ wind measurements from FINO-I at 30 m height.
III. WIND RETRIEVAL

A. Wind Direction Retrieval
WiRAR determines wind directions by measuring streak like wind-induced structures, which are visible in radar images ( Fig. 1 ) and are aligned in wind direction. These streaks have a typical spacing of 200 m to 500 m and may be caused by features such as local turbulences, streaks from foam or surfractants that are aligned with the surface wind. Wind induced streaks were also visible in synthetic aperture radar imagery at similar and larger scales and have shown to be aligned in wind direction [12] .
The wind-induced streaks have periods much longer than surface waves. By integrating a radar-image sequence over time (typically 32 images representing 80 s of data), signatures with higher variability in time, e.g. surface waves, are averaged out. Only static and quasi-static signatures, with frequencies below the integration time, remain visible.
The orientation of these streaks are derived by retrieval of local gradients from the smoothed amplitude images using the Local Gradient Method (LGM) [14] . The 180
• directional ambiguity is removed, e.g., by using the wind direction dependency of the NRCS. In contrast to VV polarized radars and radars operating at moderate incidence angles there is only one peak in up-wind direction [1] . This simple method requires imaging of the ocean surface for the full azimuth, which is usually not possible due the platform itself or neighboring platforms cause shadowed sectors.
Direct and local wind direction measurements are also possible by analyzing the motion of wind gusts, which become visible after determining a temporal n-moving average from a radar-image sequence [9] . Thereby a radar-image sequence is sub-divided into two or more sub-sequences (typically 27 images), which may overlap each other in time. Each subsequence is then integrated over time for getting mean images. The method generates radar images where the backscatter effects of wind gusts are visible. From this temporal nmoving average the movement of wind gusts and therewith the velocity and direction of the wind pattern of each point in the investigated area is determined using a optical flow based motion estimation technique.
In Fig. 1 the resulting mean directions (LGM) are plotted for one sample scale (blue arrows). It can be seen that they agree well to the wind direction measured at the radar platform in a height of about 30 m (red arrows). Fig. 2 gives the comparision of in-situ measurements of wind directions against radar retrieved directions (LGM). The correlation coefficient is 0.99 with a bias of 0.3
• and a standard deviation of 12.8
• .
B. Wind Speed Retrieval
WiRARs wind-speed retrieval is based on the dependence of the NRCS on the local wind conditions and radar imaging geometry [1] . This dependency is described by a geophysical model function (GMF), which in the following is developed using Neural Networks (NN).
For training of the NN, the data set consisting of 4711 radarimage sequences was subdivided into a training and a test data set with a ratio of 2:1. To include the dependencies of NRCS on wind direction and range distance, the mean NRCS images (integrated over time) were subdivided in range and azimuth bins of 300 m and 5
• , respectively. The five range intervals start at a distance of 600 m. composed of three hidden layers with 8 neurons in the first, 5 in the second and 3 in the third hidden layer. In a first step, NNs were trained regarding [1] using the mean radar intensity of the range-azimuth cells in cross wind direction, the mean radar retrieved wind direction, and the antenna look direction. The wind speed measured at 30 m height is the output parameter. Thereby, cross-wind directions within ±15
• to the true cross-wind direction were used with the GMF. The cross wind directions are taken due to their higher wind sensitivity. Furthermore, artifacts caused by the platform due to wind shadowing or blockage are imaged in down wind direction or up wind direction, respectively. The cross wind directions are not influenced.
This results in a correlation coefficient of 0.96 with a bias of 0.01 ms −1 and a standard deviation of 0.90 ms −1 . In comparison to in-situ wind speeds measured at the platform at 30 m height, the correlation is 0.96 with a bias of 0.01 ms
and a standard deviation of 0.90 ms −1 , which gives already very good and practicable results.
For the purpose of implementing the additional sea state dependency on the sea surface stress, given by H S and c p , into a wind speed parametrization of the NRCS it is sufficient to use the SNR, which is proportional to H 2 S [2] . Both parameters, SNR and c p , are analyzed regarding their influence on the wind parametrization. Thereby the same NN construction already used is applied. The radar system is still able to run as stand-alone instrument for retrieving surface winds. The resulting NN achieved a correlation coefficient of 0.97 with a bias of 0.02 ms −1 and a standard deviation of 0.66 ms −1 . It is well know that the stratification conditions in the lower marine atmospheric boundary layer (MABL), mainly denoted by the air-sea temperature difference, affect the stability of the air-sea interface and therefore also the wind profile. In turn the wind profile influences the radar backscatter of the ocean surface. This leads at equivalent wind speeds in 10 m height to a higher radar backscatter of the ocean surface in case of an unstable MABL than for neutral and stable conditions [15] . Taking additional the air-sea temperature difference, into account, significantly improves the wind speed determination. A comparison of radar derived wind speeds (considering all these parameters) to in-situ wind speeds measured at the platform at 30 m height resulted in a correlation of 0.98 with a bias of 0.01 ms −1 and a standard deviation of 0.47 ms −1 . The air humidity, which is also provided at FINO-I, beside many other meteorological parameters, has additionally been taken into account as a further parameter describing the atmospheric stability in the lower MABL. Thereby again an improvement could be achieved, resulting in a correlation of 0.99, a bias of 0.0 ms −1 and a standard deviation of 0.41 ms −1 . Fig 3 gives the corresponding comparison of in-situ wind speeds versus radar retrieved wind speeds u 30 . Table I gives a complete overview of comparisons of WiRAR wind speeds from each of the derived GMFs with in-situ wind measurements:
The first block summarizes all GMFs considering only parameters determined from the radar-data sets, as NRCS for the range-direction bins in cross-wind directions, antenna viewing direction, wind direction, c p and / or SNR. By adding c p to the input-parameter list only a minor improvement in accuracy is achieved, however, the SNR strongly improves the accuracy of the radar-measurements. In the second block the NNs considering external information on atmospheric conditions are given, showing a significant influence of these parameters on radar-measurement accuracy. The last block summarizes NNs using NRCS, sea state and atmospheric information. 
IV. CONCLUSIONS AND OUTLOOK
WiRAR, a methodology for wind vector measurement using a common marine X-band radar is described and validated with data sets from the FINO-I research platform in the German Bight. It is demonstrated that radar-image sequences of the ocean surface provide reliable information on ocean winds. The radar technique thereby allows measurement under most weather conditions. With the pre-existing installations of radar systems on marine structures, harbors, platforms and ships the measurements can be done in a very cost-efficient way. In contrast to typical in-situ sensors like anemometers, the radar measurements are not influenced by movements of ships or platforms and local turbulences due to installations.
WiRAR consists of two steps: In a first step, wind directions are derived from wind induced streaks, which are oriented in wind direction. This is done by determining the local gradients in the mean NRCS image, which give the orientation of the wind streaks with an ambiguity of 180
• . The ambiguity is removed by using the wind direction dependency of the NRCS or by analyzing the movement of wind gust patterns in radarimage sequences [9] . A comparison to in-situ measurements resulted in a correlation of 0.99 with a bias of 0.3
• . Wind speeds are retrieved in a second step from the dependence of the NRCS on wind speed and wind direction. This dependency is parameterized by training of a NN considering different input parameters: the mean NRCSs in cross wind direction at 5 different ranges (at cross wind the wind field is not disturbed by the platform itself), the radar retrieved wind direction, as well as the SNR and peak wave phase speed c p , which provide information about the sea state. This gives already very good and practicable results with a correlation of 0.97, a bias of 0.02 ms −1 and a standard deviation of 0.66 ms −1 . The radar system can in this configuration be installed without any other additional sensors for wind measurements. By taking the air-sea temperature difference and air humidity as additional input parameter to the NN the wind speed retrieval is significantly improved. Thereby the dependence of the NRCS on the stability in the lower MABL is considered. Comparison of radar derived wind speeds (considering all these parameters) to in-situ wind speeds measured at the platform at 30 m height resulted in a correlation of 0.99 with a bias of 0.0 ms −1 and a standard deviation of 0.41 ms −1 . Because the radar system measures the wind-induced roughness at the ocean surface boundary-layer, it in fact gives a measure of the wind-induced surface stress and therefore the friction velocity u . Therefore the wind retrieval method was changed for measuring u [16] . The main advantage is that no additional air-water-temperature measurements are required.
